Huntington's disease (HD) is an autosomal dominant neurodegenerative disorder caused by a CAG repeat expansions in the huntingtin gene resulting in the synthesis of a misfolded form of the huntingtin protein (mHTT) which is toxic. The current treatments for HD are only palliative. Some of the potential therapies for HD include gene therapy (using antisense oligonucleotides and clustered regularly interspaced short palindromic repeats-Cas9 system) and stem-cell-based therapies. Various types of stem cell transplants, such as mesenchymal stem cells, neural stem cells, and reprogrammed stem cells have the potential to either replace the lost neurons or support the existing neurons by releasing trophic factors. Most of the transplants are xenografts and allografts; however, recent reports on HD patients who received grafts suggest that the mHTT aggregates are transferred from the host neurons to the grafted cells as well as to the surrounding areas of the graft by a "prion-like" mechanism. This observation seems to be true for autotransplantation paradigms, as well. This article reviews the different types of stem cells that have been transplanted into HD patients and their therapeutic efficacy, focusing on the transfer of mHTT from the host cells to the graft. Autotransplants of reprogramed stem cells, in HD patients, are a promising therapeutic option. However, this needs further attention to ensure a better understanding of the transfer of mHTT aggregates following transplantation of the gene-corrected cells back into the patient.
focuses on the new avenues for exploring how stem cells, per se, and especially how reprogramming stem cells play pivotal roles in the development of effective stem-cell-based therapies for treating HD, a particularly devastating neurodegenerative disorder.
| HUNTINGTON'S DISEASE
Huntington's disease (HD) is an autosomal dominant, late-onset, neurodegenerative disorder, which primarily affects the caudate and putamen regions of the brain. The medium spiny GABAergic neurons (MSNs) are the most affected cell type. The disease is linked to a triplet repeat expansion, CAG, in the N-terminal coding region of the Huntingtin (HTT) gene leading to the production of an abnormal, misfolded mutant form of the huntingtin protein (mutant HTT or mHTT) that aggregates in the nucleus and cytoplasm of neurons. 3 The mutation causes a gain of function, whereby the toxic effects of mHTT leads to neuronal degeneration. The presence of mHTT also interferes with protein synthesis and quality control (proteostasis) leading to impaired cellular function and loss of viability. There is currently no cure or effective treatment for HD. 4, 5 The triad of symptoms found in HD includes (a) motor symptoms, commonly known as Huntington's chorea; (b) cognitive decline; and (c) psychiatric disturbances and mood disorders. 6 In addition to the presence of aggregated mHTT, HD is also associated with high levels of neuroinflammation. 7 
| CLINICAL STUDIES USING STEM CELL TRANSPLANTS IN HD PATIENTS
There are many clinical studies in which stem cells were transplanted into HD patients; selected studies are discussed below.
Human fetal NSCs were transplanted into the caudate, precommissural putamen, and post-commissural putamen in five patients who were diagnosed with HD. Follow-up on patients showed that the transplanted cells were detectable in the brain even 1 year after transplantation. The motor deficits in the patients were ameliorated to some extent starting at 3 months post-surgery as defined by the Unified Huntington's Disease Rating Scale (UHDRS).
However, a few of the pitfalls of this study were (i) atrophy at the site of transplantation, (ii) negative effects of immunosuppressants, and (iii) stress in patients that contributed to difficulties at the longterm follow-up visit. 8 In another study, fetal stem cells were transplanted into seven symptomatic HD patients using bilateral intracranial injections. Following transplantation, the patients were evaluated using the UHDRS and a behavior analysis over the course of 12 months. The study found a trend in improvement in patients' motor function following transplantation; however, the symptoms did not worsen in patients. The literature provides evidence that HD patients have a decrease in striatal metabolic glucose and dopamine binding efficacy. This study shows that there was no such decrease in glucose metabolism or dopamine binding efficacy in HD patients following treatment, demonstrating the potential treatment effect of transplanting fetal stem cells. 9 Yet another study transplanted human fetal stem cells unilaterally into HD patients by stereotactic guided intracranial injection into the caudate and putamen. The patients were immunosuppressed following transplantation and assessed using MRI and clinical scoring to study the potential effects of the transplants. MRI scans showed the presence of transplanted cells/grafts in the striatum of the HD patients. The motor and cognitive deficits were monitored in these patients based on the UHDRS from 6 to 60 months. Although the data did not show a significant treatment effect, a trend toward improvement was seen. 10 A recent study from 2018 analyzed the first clinicopathological outcome following a single bilateral transplantation of a fetal striatal allograft into an HD patient. Though the patient did not show any improvement following transplantation, one of the striking histological observations is that mHTT aggregates were present in the grafted tissue, showing that the mHTT was transferred from the host cells to the graft cells. 11 4 | STEM-CELL-BASED THERAPY IN HD RODENT MODELS 4.1 | Use of iPSCs as a therapy for HD iPSCs are pluripotent stem cells that are derived from the patient's own skin cells, fibroblasts, or many other sources. Once the cells are induced to become pluripotent they can be reprogrammed into a
Significance statement
Stem cell transplantation, along with gene editing using a variety of molecular tools, is one of the most promising strategies that is being investigated by many researchers as a potential treatment for neurodegenerative diseases. Huntington's disease (HD) is one of the neurodegenerative disease in which transplantation has been widely studied using different types of innate as well as reprogrammed/modified stem cells as a potential therapy. Transplantation using different types of stem cells such as mesenchymal stem cells, neural stem cells, embryonic stem cells, and induced pluripotent stem cells accompanied by clustered regularly interspaced short palindromic repeats-Cas9-based gene editing was performed in laboratory settings which could have an impact in the clinics in the near future. Though the treatment strategies had encouraging outcomes, one of the major issues identified recently was that mutant huntingtin protein aggregates transfer from the HD cells to the wild-type/transplanted cells in the host brain, by a "prion-like" mechanism. The finding brings into a question to what extent these stem cell/gene-corrected cell transplants are a viable option for treating HD. variety of cell types, including neuronal lineages, which can then be transplanted to correct different disease conditions. 12 Mu and colleagues (2014) performed ventricular transplantation of iPSCs into the striata of rats given quinolinic acid (QA), mimicking HD neuropathology. Analysis of brain tissue showed that the iPSCs, following transplantation, migrated to the lesion site and rendered a therapeutic effect. The HD rats exhibited improved cognitive function as assessed by the Morris water maze test. Moreover, partial protection from QA-induced atrophy (ie, loss of striatal volume) following transplantation was observed. The transplanted iPSCs differentiated into medium spiny neurons and glial cells as determined by histological analysis and cell counts. 13 In a recent study, we performed intrastriatal transplantation of induced neural stem cells (iNSCs), obtained from iPSCs, into the striatum of YAC128 mice, that carry the full-length human HD gene. We found that the iNSCs differentiated into medium spiny neurons, resulting in significantly higher cell counts in the transplanted mice compared with the vehicle-treated mice. This, in turn, reduced the motor symptoms observed in the transplanted YAC128 mice. As it is well known, brainderived neurotrophic factor (BDNF) is known to be reduced in the HD brain, which has critical implications for neuronal survival. Our study showed that following iNSCs transplantation, the BDNF protein and its receptor, Trkβ, were significantly higher in the transplanted group. 14 In another study, MSNs derived from human pluripotent stem cells were packaged in a three-dimensional hydrogel which was then transplanted bilaterally into the striatum of R6/2 mice. The mice were tested using a battery of behavioral tests for 7 weeks post-transplantation. The study results showed that the mice had reduced motor deficits as evidenced by reduced clasping and increased latency to fall from the rotarod. Moreover, the transplanted HD mice lived beyond their defined life span (19% increase) compared with the untreated, control mice. 15 However, the transplanted cells in the HD brain contained mHTT aggregates in the nucleus, proving that the aggregates were transferred from the host cells to the transplanted cells.
Importantly, no tumors were reported in the iPSC studies described here, indicating that iPSC-based therapy is a safe and feasible treatment option for HD.
| Use of MSCs as a therapy for HD
MSCs are the most widely used stem cells for treating neurodegenerative disorders. 16 Transplantation of MSCs into different transgenic mouse models of HD, for example, R6/2, YAC128, BACHD, as well as the QA-and 3-nitropropionic acid-rat models of HD has provided evidence that MSC transplants can reduce HD-like deficits. [17] [18] [19] [20] MSCs have anti-inflammatory properties and secrete trophic factors that promote the survival of neurons. Many studies conducted in our laboratory focused on the use of BM-MSCs as a potential therapy for HD following their transplantation into different mouse lines carrying mutant forms of the HTT gene. 17, 20 Dey and colleagues (2010) found that intrastriatal transplantation of MSCs genetically altered to overexpress BDNF, which is reduced in HD patients, 21 decreased the motor deficits and neuronal loss in YAC128 HD mice. 20 We also transplanted MSCs derived from UC-MSCs into the striata of R6/2 HD mice. We found that UC-MSC transplants reduced learning and memory deficits but did not improve motor symptoms in these mice. 22 These studies suggest that the source of MSCs may produce different outcomes. A 2018 study transplanted human umbilical cord matrix stem cells into the striata of 3-NP rats, and the tissue was analyzed 1 month following transplantation. The study showed that the transplanted stem cells survived and increased dendritic spine length as well as the volume of the striatum in the brain.
Behavioral analysis showed that the HD rats regained their motor activity demonstrating the therapeutic effects of the transplanted cells.
Prior to transplantation, the cells were shown to secrete glial cellderived neurotrophic factor and vascular endothelial growth factor. 23 In addition to the administration of MSCs via invasive intracranial injections, a 2019 study administered BM-MSCs using an intranasal route in R6/2 HD mice. The MSCs reached the brain, and a battery of behavioral tests showed that the MSCs exerted therapeutic effects, reducing the motor deficits and symptoms. Moreover, the MSC-treated mice survived longer than their control littermates. The treated mice also showed a regular sleep cycle pattern and normal circadian rhythms compared with the untreated mice. This study also analyzed the dopamine signaling cascade by determining the tyrosine hydroxylase and dopamine-regulated neuronal phosphoprotein (DARPP-32) levels and found that MSCs rescued the deficits in the cascade to some extent. 24 A very recent study used a calcium channel blocker, lercanidipine (LER), in addition to BM-MSCs transplantation in 3-NP HD rats.
Behavioral analysis showed that the combinatorial therapy improved the behavioral as well as motor deficits as evidenced by improvements in open field and grip strength tasks. Moreover, BM-MSCs themselves have anti-inflammatory properties, and the combination with LER was found to be more effective in reducing inflammation compared with MSCs alone. The study also found that LER treatment reduced cytosolic calcium levels and modulated some signaling pathways, for example, Wnt and β-catenin. These changes were notably increased following combination therapy with LER and BM-MSCs. 25 Two of us (G.L.D. and J.R., 2015) found that transplantation of BM-MSCs at lower passage numbers (P3-P8) secreted less BDNF and were less effective in reducing motor deficits than higher passaged (P40-P50) BM-MSCs in R6/2 mice. 17 Thus, both the source of the MSCs and the number of times they were passaged can have a significant effect on their therapeutic efficacy.
Another study found that genetically manipulated human-derived MSCs that overexpress BDNF are therapeutically effective following their transplantation into immune-suppressed YAC128 and R6/2 HD mice. Transplantation of these cells reduced measures of anxiety and increased endogenous neurogenesis. 26 In addition, Snyder and colleagues (2010) showed that transplantation of bone marrow-derived human multipotent stromal stem cells into the dentate gyrus of transgenic N171-82Q HD mice increased the proliferative and differentiation capacity of the endogenous neural progenitor cells. This, in turn, led to increased trophic support and neurogenesis in the striatum of these transplanted mice. 27 Transplantation of adipose tissue-derived stem cells T A B L E 1 Report of HD aggregates discussions after stem cell transplantations in transgenic HD models and selected clinical trials ASCs alleviated motor deficits and increased neurogenesis in 8-week-old R6/2 mice. Furthermore, the number of mHTT aggregates was significantly reduced, and the median life span of these mice was increased. 28 Collectively, these studies indicate that MSC transplants confer significant therapeutic effects in a variety of HD rodent models, but variables such as MSC source and number of passages need to be to be optimized to achieve the best neuroprotective effects.
| Use of NSCs as therapy for HD
NSCs are another promising type of stem cell currently being used as a potential stem-cell-based therapy for HD. A recent report by
Reidling and colleagues (2018) showed that transplantation of human embryonic stem-cell-derived neural stem cells (hNSCs) into the striatum of R6/2 HD mice reduced motor deficits and synaptic alterations.
Moreover, these transplanted stem cells were integrated into the appropriate endogenous neural circuit, as demonstrated by electrophysiological studies. 29 Studies assessing the efficacy of transplanting hNSCs into the striata of 3-NP-treated rats demonstrated sparing of both motor deficits and striatal neurons as a result of increased BDNF production in the brains of those rats. 30 
| Autologous and induced pluripotent cells as a therapy for HD
Given the different types of stem cell transplants used to treat HD, transplantation of autologous stem cells is of special interest because this type of transplant uses the patient's own cells, avoiding the need for immunosuppression. We have studied autologous transplantation of BM-MSCs into rats following intrastriatal QA injections to assess therapeutic outcomes from transplantation of these cells. 31 Positive outcomes of autologous transplants in chemically induced models of HD can provide a general idea of feasibility, but testing with genetic HD models is required to assess the potential clinical efficacy of transplants of either autologous stem cells or gene-edited autologous cells. An and colleagues (2012) corrected iPSCs derived from HD patients, using homologous recombination, and showed that correction of the iPSCs did not alter the innate characteristics of the stem cells. NSCs were derived from these corrected iPSCs and then transplanted into R6/2 HD mice. Histological analysis showed that the corrected transplanted cells survived and were able to differentiate into region specific cells, thereby repopulating the striatal area with the appropriate cell types. 32 Table 1 summarizes the study outcomes and transfer of HTT aggregates from host cells to donor cells following stem cell transplantations in transgenic HD mice as well as in some clinical trials.
Given that unaltered autologous MSCs or iPSCs derived from the patient's own cells would still contain the HD gene, it is likely necessary to genetically alter these cells to remove or silence the mutated HD gene. As such, using genetic tools, for example, clustered regularly interspaced short palindromic repeats (CRISPR)-Cas9 system, aimed at editing the CAG repeat expansion allele may prove beneficial and increase the clinical utility of stem-cell-based therapy. Abbreviations: BDNF, brain-derived neurotrophic factor; BM-MSC, bone-marrow derived mesenchymal stem cell; GFP, green fluorescent protein; HD, Huntington's disease; iPSC, induced pluripotent stem cell; mHTT, mutant form of the huntingtin protein; NGF, nerve growth factor; NSC, neural stem cell.
| HD GENE EDITING USING
identified specific protospacer adjacent motif (PAM) sequences that are present only at the site of the CAG repeat expansion in the mutant allele, which would allow specific targeting of the mutated allele without affecting the WT allele. 36 That said, most studies to date have focused on the use of CRISPR-Cas9 system for editing the HD gene, using either an allele-specific or non-allele-specific strategy.
Since this is a concise review, only a few selected studies are described below. Shin and colleagues (2016) used single nucleotide polymorphism (SNP)-based PAM sequence identification of the normal and the mutant allele to achieve allele-specific HD gene editing in neural progenitor cells obtained from HD iPSCs. This study showed that the mHTT allele was specifically silenced, resulting in the production of only the WT protein. 36 Similarly, Monteys and colleagues (2017) used SNPs (that create or destroy the PAM sequence) at the 5 0 end of HTT exon 1 that are specific to the mutant HD allele to target and edit the mHTT gene using the CRISPR system. The study showed that following gene editing, mHTT expression was reduced by 40% in BACHD mice. 37 In contrast, Yang and colleagues (2017) used the CRISPR-Cas9 system to achieve non-allele-specific HD gene editing in HD140Qknockin mice. This study showed that there was an overall decrease in mHTT production, thereby reducing nuclear accumulation of aggregated mHTT. Moreover, reduction of mHTT resulted in fewer reactive astrocytes, decreasing inflammation in the HD brain. These HD mice showed improvement in motor deficits; however, overall life span was not increased compared with the controls. 38 An in vitro study from our laboratory performed non-allelespecific gene editing in BM-MSCs derived from YAC128 mice. The deletion mutations created following CRISPR-Cas9-based editing showed reduced CAG repeat expansions in the HD cells. Further analysis showed that mHTT was reduced compared with controls. 39 Recently Xu and colleagues (2017) corrected the mutant allele in iPSCs derived from HD patients using CRISPR-Cas9 technology. Following gene correction, the iPSCs expressed pluripotent markers which confirmed that these cells maintain their innate properties following gene correction. Furthermore, these cells were also able to differentiate into functional forebrain neurons and eventually showed reversal of the phenotypic abnormalities seen in the HD cells. 40 This technology will allow transplantation of the patient's own cells following gene correction avoiding the need for immunosuppression.
A study in 2014 showed that HD patients who had received fetal neuronal grafts 10 years previously exhibited mHTT in the transplanted neuronal grafts in the striatum following tissue staining using EM48 or MW7 antibodies that stain mHTT. The mHTT aggregates were also found in the neurons, astrocytes, and microglia of cortex. 33 Other researchers have transplanted HD skin fibroblasts (or iPSCs derived from them; with different CAG expansions) isolated from a juvenile HD patient into healthy adult CF-1 strain mice. The results showed that the mice receiving the HD cells, irrespective of the number of CAG repeat expansions, showed motor and cognitive deficits that were similar to the cognitive and motor-related features observed in HD patients. Furthermore, analysis of brain tissue showed that mHTT aggregates were also found in the host parenchyma, suggesting that the mHTT monomers or aggregates migrated from the graft tissue to the host tissue. Taken together, this study showed that mHTT can translocate from the transplanted cell grafts to the WT host tissue, which can lead to additional HD-like pathology as well as loss of motor and cognitive ability. 34 A study in 2019 showed prionlike propagation of mHTT aggregates in vitro and in vivo. Incubation of iPSC-derived GABA neurons, along with recombinant mHTT fibrils, showed that the human mHTT fibrils were taken up by the neurons altering their cell morphology, ultimately causing cell death. In addition, mHTT fibrils injected into the ventricles of adult WT mice led to cognitive deficits and anxiety-like behaviors. Analysis of the tissue showed mHTT in the host brain 1 month following transplantation.
However, the fibrils were undetectable approximately 14 months after transplantation, showing that the fibrils are eventually cleared. 35 
| DO MHTT AGGREGATES TRANSFER TO TRANSPLANTED CELL GRAFTS IN A PRION-LIKE FASHION?
Having discussed the successful therapeutic effects of different types of stem cell transplantation, use of autologous transplantation of mHTT gene corrected stem cells, as well as direct gene editing using CRISPR-Cas9 system, a major issue that remains to be resolved was posed by the recent work of Cicchetti and colleagues. Their recent study indicates that mHTT aggregates exhibit "prion-like" propagation from the host to the graft following transplantation of different types of stem cells into the HD brain.
An important consideration in assessing the applicability of stem cell transplantation for therapeutic purposes is the susceptibility of the transplanted cells to the mechanism(s) underlying the development of the disease being treated. Neurodegenerative diseases are associated with misfolded proteins that tend to form aggregates-the archetypal example being the prion diseases. 41 The key feature in the development of a prion disease is the template-assisted conversion of the normal cellular protein, PrP C , to the misfolded form, PrP Sc , linked to disease. 42 Thus, prion diseases can be idiopathic, inherited through mutations in the prion protein gene, or acquired through infection. The ability to cause infection between organisms also appears to occur within an organism. Thus, the spread of a prion disease within the brain is not cell autonomous, but it rather spreads through infection from cell to cell. Familial forms of human prion disease are associated with mutations in the prion protein gene. 43 In most cases, the mutant prion protein, following spontaneous conversion to the pathogenic form, is able to convert the normal prion protein.
This has led to speculation that somatic mutation in one or a few cells may underlie the development of idiopathic disease.
While a number of other neurodegenerative diseases appear to spread in the brain through a similar mechanism, referred to as "prionlike," notably Alzheimer's disease (AD; tau) and Parkinson disease (PD;
alpha-synuclein 44 ), not all demonstrate templating and only prion diseases have been shown to be transmissible. Of note, protein inclusions in neurons, suggestive of Lewy pathology, have been found in fetal tissue grafts characteristic of PD. 45 Recent studies have suggested that spreading of host-derived tau may result in pathology in grafted tissue in both PD and HD patients. 46 In cells expressing mutant huntingtin exon 1, the protein spontaneously aggregates. In contrast, although pathogenic mutant prion protein associated with familial disease is misfolded during synthesis in cell models, the mutant prion protein does not achieve the pathological conformation. As an example, the T183A mutant prion protein is entirely retained in the endoplasmic reticulum due to its misfolding but is still proteinase-K sensitive, pathology associated-prion protein is proteinase-K resistant, indicating that it has not converted to the pathogenic form. 47 Although cell models show coincidence of aggregated mutant and normal huntingtin, mutant huntingtin does not appear to convert the normal huntingtin protein to a pathogenic conformation in patients. A study of allograft tissue recovered from HD patients after more than a decade showed extracellular huntingtin protein in the interstitial space of the normal graft tissue but not inside the cells. 33 A further point of distinction between HD and other neurodegenerative diseases associated with protein misfolding is that the cytoplasmic protein aggregates appear to cause disease by globally interfering with proteostasis. 48 In contrast, a comprehensive review of huntingtin biology by Saudou and Humbert (2016) provides compelling evidence for a dominant negative effect of mutant huntingtin on normal huntingtin function. 49 With respect to HD, this may involve dysregulation of BDNF transport. 50 In addition, huntingtin aggregates, formed after cleavage of the mutant huntingtin protein, are uniquely localized in the nucleus and have been reported to be either toxic 51 or protective. 52 In addition, the C-terminal fragments generated by proteolysis are also toxic. 53 
| CONCLUSIONS
Taken together, it is difficult to predict whether transplanted healthy or gene-corrected stem cells would be subject to ongoing HD processes. Although neuronal tissue grafts showed evidence of extracellular huntingtin aggregates, the lack of intraneuronal aggregates may be due to the failure of the transplanted neurons to form synapses with the host neurons. Furthermore, if the stem cells only express normal huntingtin, they will not produce the proteolytic fragments generated by mutant huntingtin and may be spared.
Exposing cells that express only normal huntingtin or cells that do not express huntingtin at all would provide answers to some of these questions. However, as suggested earlier, it may be that to achieve transfer of a sufficient quantity of mutant huntingtin to cells would require that they form synapses with cells expressing the mutant protein. In conclusion, the use of therapeutic stem cells for the treatment of HD remains a viable option. However, one has to consider the possibility of "prion-like" transfer of mHTT aggregates following transplantation, especially when using gene-corrected autotransplants.
